Total Hg and Se concentrations were determined in autopsy samples of retired Idrija mercury mine workers, Idrija residents living in a Hg-contaminated environment, and a control group with no known Hg exposure from the environment. In selected samples we also checked the presence of MeHg. The highest Hg concentrations were found in endocrine glands and kidney cortex, regardless of the group. MeHg contributed only to a negligible degree to the total mercury concentrations in all analyzed samples. In the Hg-exposed groups the coaccumulation and retention of mercury and selenium was conArmed. Selenium coaccumulation with a Hg/Se molar ratio near 1 or higher was notable only in those tissue samples (thyroid, pituitary, kidney cortex, nucleus dentatus) where the mercury concentrations were '1 g/g. After tissue separation of such samples the majority of these elements were found in the cell pellet. Because the general population is continuously exposed to Cd and possibly also to Pb from water, food, and/or air, in some samples the levels of these elements were also followed. In all examined control tissue samples the average values of Cd (kidney cortex, thyroid, hippocampus, cortex cerebellum, nucleus dentatus) and Pb (thyroid, hippocampus) exceeded the average values of Hg. Cd concentrations were the highest, particularly in kidney cortex and thyroids ( g/g), but no relationship between Cd and Se concentration was evident at the tissue level. Regarding the results in the control group, it is debatable which element is the more hazardous for the general population as concerns neurotoxicity.
INTRODUCTION
Environmental toxins like Hg, Cd, and Pb are of special interest because it is supposed that besides other factors they can be involved in the etiology and/or pathogenesis of age-related neurodegenerative diseases, such as Alzheimer disease and amyotrophic lateral sclerosis (Markesbery and Ehman, 1994; Carr et al., 1997; Pendergrass and Haley, 1997) . Regarding the literature data the presence of nonessential elements can in8uence the endocrine system at different levels (Henkin, 1975) and mediatorily or directly the brain functions. Recently interest has also revived on the possibility of health effects in the general population due to mercury vapour exposure from amalgam restorations (Goering et al., 1992) . Of all the forms of mercury the metabolism of elemental mercury vapor is the most enigmatic. Its intense accumulation and retention in some parts of the brain and endocrine glands are intriguing, but the degree of cell damage is not always in correlation with the elevated levels of the metal (Friberg and Mottet, 1989 ).
The precise mechanisms of mercury accumulation and retention are still unclear. Most often they are explained by metal association with selenium. Hg and Se coaccumulation in humans is already known and the results from different population groups, such as miners, dentists, and nonoccupationally burdened individuals, suggest the formation of a 1:1 Hg}Se compound that may explain Hg detoxi7cation by Se (Kosta et al., 1975; Byrne et al., 1995; Weiner, 1989, 1991; BjoK rkman et al., 1994; Drasch et al., 1996) . It seems that the presence of coaccumulated endogenous Se can protect from the harmful effects of accumulated and retained Hg. In recent studies it is hypothesized that plasma selenoprotein P (SelP) together with a reduced metabolite of Se may play an important role in Hg sequestration in the bloodstream and consequent (Yoneda and Suzuki, 1997) . Recent in vitro results indicate that the same interaction in the bloodstream also occurs between Se and Cd (Sasakura and Suzuki, 1998) , but literature data on a possible Cd}Se coaccumulation in humans are scarce (Yoshinaga et al., 1990; Tiran et al., 1995) and considered more speculative. The purpose of the present work was the investigation of accumulation and/or retention of various forms of mercury (total Hg, MeHg) together with selenium in human autopsy samples of endocrine glands, kidney cortex, and brain tissues from: (a) retired workers of the Idrija mercury mine, (b) residents of Idrija, and (c) a mercury-unexposed group. This study represents a continuation of investigations started by Kosta et al. (1975) during the active mining period. Today the mine is in the phase of 7nal closure and consequently the concentrations of Hg in air are much lower, but still higher than those in noncontaminated areas in Slovenia (Lups\ ina et al., 1999, unpublished data) . Because the general population can be continuously exposed to Cd and Pb (food, air, smoking), and since data for brain levels of both elements are scarce, we also followed the concentrations of Cd and Pb in some autopsy samples. We were interested in tissue levels of these elements and a potential correlation between selenium levels and the presence of mercury or cadmium. In some samples with high Hg levels we also examined the Hg and Se cellular distribution between cytosol and the particulate fraction (pellet) obtained after tissue homogenization and ultracentrifugation.
SUBJECTS AND METHODS

Thirty-=ve Autopsy Cases Divided into Three Groups
Postmortem samples of 35 individuals aged 33}99 (average 62) were collected from 1990 and 1997 in the Institute of Forensic Medicine of the University of Ljubljana and in the General Hospital of Slovenj Gradec. Individuals were divided into three groups regarding their Hg exposure: a control group (22), Idrija residents occupationally unexposed but living in a mercury-contaminated environment (9), and retired Idrija mercury mine workers (4). In the control group the presence of amalgam dental 7llings was not excluded but there was no known exposure to mercury occupationally or from the environment. General data about all three groups are given in Table 1 .
Autopsy Samples
A total of six different tissues were removed from the subjects, but not all were removed from every subject. The samples of endocrine glands (pituitary, thyroid, pineal gland), kidney cortex, and brain tissues (hippocampus, nucleus dentatus, cortex cerebellum) were obtained less than 48 h after death and kept at !20@C until analysis (metal determinations, biochemical separations).
Biochemical Separation
Individual samples of kidney cortex, thyroid, pituitary, nucleus dentatus, and hippocampus with high concentrations of Hg were used. Samples were homogenized at 43C with a glass homogenizer and a motor-driven Te8on pestle in nitrogen-saturated 10 mM Tris}HCl buffer (pH 7.6, 1}43C) containing 1 mM dithiothreitol (DDT). The 25 or 18% homogenates were centrifuged at 100,000g for 60 min in a Centrikon T-2070 (Kontron instruments) ultracentrifuge (rotor TFT 70.38) at 43C. The supernatants were strained through a 250-m nylon net. Aliquots of cell fractions, supernatants, and pellet were transferred to quartz ampoules for Hg and Se analysis.
Metal Estimation
Hg, MeHg, Se, Cd, and Pb in biological samples (wet tissues, tissue fractions) were analyzed using radiochemical neutron activation analysis (RNAA), cold vapor atomic absorption analysis (CV-AAS), and electrothermal atomic absorption analysis (ET-AAS). The analytical methods used for the determination of particular elements and MeHg in different samples are summarized in Table 2 . Hg, Se RNAA (1) Note.
(1) Byrne and Kosta (1974) , (2) Dermelj et al. (1976) , (3) May et al. (1987) , Horvat et al. (1986) . 
RESULTS AND DISCUSSION
Total Hg, Se, and in some cases also the MeHg, Cd, and Pb concentrations were investigated in human tissue samples obtained from adults (in these studies, 30 to 99 years of age) divided in three groups, depending on the presence or the absence of mercury exposure either occupationally or from the contaminated environment. The average Hg, Se, and Cd concentrations in endocrine glands (pituitary, thyroid, pineal gland), kidney cortex, and brain tissues (hippocampus, cortex cerebellum, nucleus dentatus) of the investigated groups are shown in Tables 3  and 4. Table 5 presents the MeHg contents determined in some samples of all groups.
Hg
As expected from previous investigations (Kosta et al., 1975) , the highest Hg concentrations were found in the group of retired Idrija mercury mine workers. Strong Hg accumulation/retention was found particularly in thyroid and pituitary, followed by kidney cortex and nucleus dentatus. The average values for these tissues were 26, 10, 7, and 3 g/g, while the levels in hippocampus and cortex cerebellum stayed below 0.5 g/g (0.299 and 0.187 g/g). Pineal gland was obtained in just one case and showed a tendency to accumulation (1.1 g/g) regarding the results for control group (0.01 g/g).
In the Idrija residents group the average values in all corresponding tissues were lower, mostly Note. N, number of samples; each sample was analyzed at least in duplicate; LD, limit of detection. between 0.5 and 0.2 g/g in endocrine glands or kidney cortex and around 0.010 g/g in brain tissues. Exceptional were only high Hg concentrations in the pituitary and thyroid of two individuals who lived near the mercury smelting plant (up to 7 g/g). In Table 3 these data are separated as an Idrija residents subgroup.
Differences in average concentrations between the control group and Idrija residents, excluding the two above-mentioned residents, were found for pituitary, thyroid, and kidney cortex. Regarding neurotoxicity it is interesting that in brain tissues of Idrija residents no important elevation of mercury was found with the respect to the control group.
The results for the pineal gland, nucleus dentatus, and hippocampus are unique, as they were not included in any previous study (Kosta et al., 1975; Byrne et al., 1995) . Unfortunately, only two pineal gland samples of exposed persons were obtained. As the pineal gland can accumulate nonessential metals (Arvidson, 1986) and is important in sleep regulation (Shedpure and Pati, 1995) , the elevated pineal Hg levels could indicate a possible connection between Hg and sleep disturbances typically observed in mercury-exposed workers (Zeitlhofer et al., 1988;  A. R. Kobal, Health Of7cer for the Idrija Mercury Mine, personal communication).
Regarding other samples the levels of total Hg for Idrija residents and retired mercury mine workers reported in our study are slightly lower than those reported by Kosta et al., in 1975 (3-year study) . For information a comparison is given in Table 6 of thyroid Hg concentration ranges from both studies. Thyroid was chosen because it was the most frequent sample. Major differences seen between Previous study (Kosta et al., 1975) Control group 0.035$0.045 (22) Note. Numbers in parentheses refer to the number of subjects analyzed.
? Subgroup a is included.
FIG. 1.
Molar ratio of Hg/Se as a function of the mercury concentrations in human thyroid (n"34), pituitary (n"27), kidney cortex (n"11), and nucleus dentatus (18). groups of miners in the two studies could be the consequence of improved protection, a lower Hg exposure regime, and the exposure/retirement period. More relevant for discussion is the decrease of thyroid Hg values in present Idrija residents compared with those of a previous study. This could almost certanly be attributed to the considerable reduction in the operation of the mine and smelter in the last decade, with consequent lower exposure in Idrija.
MeHg
The presence of MeHg was examined in 19 tissue samples with high ( g/g) or low (ng/g) total mercury contents. Regardless of the group, organ, or concentration levels, the percentage of MeHg was below 10% of the total Hg or rather below 5%, except in three samples (Table 6 ). The concentration range was from under the limit of detection up to 300 ng/g. Although the number of samples for individual organs was small, a slight trend to an increase in MeHg rising with an increase in the amount of total Hg could be seen in thyroid samples. On the contrary, for kidney cortex it seems that MeHg levels decline with an increase in total Hg. Undoubtedly, the meaning and relevance of such trends should be checked in a broader study.
Cd and Pb
Cd was followed in some samples of thyroid, kidney cortex, hippocampus, cortex cerebellum, and nucleus dentatus and Pb in thyroid and hippocampus. In all organs analyzed or tissues of the control and Idrija residents groups (without the subgroup) the average Cd concentrations exceeded the average values of Hg (Tables 3 and 4) . A similar conclusion was also found for Pb in the thyroid and hippocampus of the control group. In the hippocampus and thyroid of the control group the average burden order of all three metals was Cd'Pb'Hg. Although the data for brain tissues are few in number it seems important to point out that in the general population environmental exposure to Cd or Pb should not be underestimated in regard to neurotoxicity. Consequently, in human studies connected with the possible toxicity of dental mercury amalgams more attention should be paid to the presence of other harmful metals.
Regardless of the group the Cd tissue burden order observed was kidney cortex (1.89}54.9 g/g) thyroid (0.25}6.55 g/g)brain tissues (0.012} 0.700 g/g). Average Cd tissue concentrations were in agreement with or close to previously reported data for the general population (Iyenger et al., 1978; Yoshinaga et al., 1990; Tiran et al., 1995) .
Se and Hg or Cd
As expected (Kosta et al., 1975; Byrne et al., 1995) , coaccumulation of mercury and essential endogenous selenium was con7rmed. Regarding Se concentrations in the control group, the elevation of Se, from ng/g to g/g values, was most marked in samples of the Hg-exposed groups, where the Hg concentrations were higher than 1 g/g. In these cases the Hg/Se molar ratio was about 1 and sometimes higher, near 2 (Fig. 1) . Hg and Se correlation was good, as is evident from Figs. 2a and 2b , where the sample concentration data on pituitary, thyroid, and kidney cortex for all groups are included. Recently a similar tendency to Hg and Se coaccumulation was also reported in kidneys of the German general population where the presence of dental amalgams was identi7ed (Drasch et al., 1996) . Tissue concentration data are only a very rough index of coaccumulation and they can only show the tendency of coaccumulation at higher concentration levels. Selenium as an essential element has baseline levels in tissues which partly mask any increase occurring as a result of mercury accumulation and this should be taken into consideration (subtracted) when calculating Hg/Se ratios. Moreover, more precise and meaningful are data on cellular levels after tissue homogenisation and centrifugation. Table 7 shows that in strained homogenates of 7ve various tissue samples from retired miners, namely, thyroid, pituitary, hippocampus, nucleus dentatus, and kidney cortex, around 80}90% of Hg and 70}80% Se was found in the cellular particulate phase (pellet). For Se, the concentrations in cytosol were mostly under the limit of detection, so percentages were calculated only in two samples. Except in hippocampus, the Hg/Se molar ratios of pellets were even closer to 1 than those in whole tissue. Similar Hg and Se coaccumulation has been reported after exposure to inorganic Hg for the pellet of human kidney cortex samples (BjoK rkman et al., 1994) , in our laboratory for the pellets of some thyroids (Falnoga et al., 1997) , and more precisely for Hg and Se deposits found in cell nuclei/or lysosomes of human and animal kidney cortex by X-ray microanalysis (Aoi et al., 1985; Eley and Cox, 1986; Eley, 1990) . So it is possible to assume that in pellet fractions both elements were sequestrated particularly in lysosomes or nuclei.
In contrast to Hg and Se coaccumulation, no relationship between Cd and Se tissue concentrations was evident. In the control group thyroids where individual Hg concentrations were low, (0.1 g/g, and Cd concentrations varied from 0.2 to 4 g/g, Se concentrations remained unaffected. A similar situation was found in kidney cortex samples of the control and Idrija residents groups, where Cd concentrations were even higher, 2 to 54 g/g, but Hg and Se concentrations were below 1 g/g in all cases. This 7nding corresponds with an Austrian study where Tiran et al. (1995) also did not 7nd a correlation between Cd and Se concentrations in kidney, liver, and thyroid of adults. On the contrary, in the Japanese study of the interrelationsip between the concentrations of some elements in human organs Yoshinaga et al. (1990) claim that their ''result indicates that Se plays a role, at least in part, in Cd accumulation in human liver and kidney.'' Anyway, literature data on possible Cd}Se tissue coaccumulation or coretention in humans are scarce and absent regarding the cellular levels of elements (cytosol, particulate fraction). Because cellular data are more revealing it would be interesting to investigate the difference in Cd and Se distribution in different fractions of human thyroid glands with high or low levels of Cd (ng/g or g/g) and the normal tissue level of Se (ng/g).
